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Abstract

Purpose The presence of speckle noise and artifacts make
delineation of transthoracic echocardiographic (TTE) images
quite difficult and challenging; the edges are to be preserved
while removing noise. To address issues, a novel speckle
reduction technique is being proposed and analyzed.
Methods Three fuzzy filters based on median and moving
average concepts are experimented in homomorphic domain
and the best one is further fine tuned for applications on TTE
images. The proposed hybrid homomorphic Fuzzy (HHF)
filter is the sequential integration of homomorphic fuzzy
filter with anisotropic diffusion. The denoising characteristics
of HHF filter are compared with ten existing techniques
tested in homomorphic and other seven in non-homomorphic
domain using seven different performance parameters along
with visual quality assessment. Experimentations are performed
on TTE images acquired in two parasternal and three apical
views, since image in one view may not very precisely speak
of underlying valvular abnormality.

Results The edge preservation capability is increased by
many fold (around 8 times) upon integration of homomorphic
fuzzy filter with the anisotropic diffusion filtering technique.
Beta metric, figure of merit and structure similarity indices
are all greater than 0.97 for proposed HHF filter.
Conclusions The performance of proposed HHF filter is
superior in comparison to seventeen state-of-art denoising
techniques in terms of all seven performance parameters.
Noise is reduced with the edges and structure of TTE images
well preserved.
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INTRODUCTION

Echocardiography, an ultrasound based technique, is the
most commonly used first-line imaging technique in the
diagnosis and assessment of valvular abnormalities like
stenosis and regurgitation of all four valves [1]. It is a
noninvasive and clinically handy technique. But low
contrast, shadowing artifacts and speckle noise make it
extremely tricky to accurately and consistently measure
cardiac structure sizes [2, 3]. The speckle noise masks finer
lesion details and reduce human visual ability of detecting
abnormalities [3, 4]. Multiplicative nature of speckle noise
complicates denoising process, as it would not be just
enough to remove noise but it is also necessary to preserve
the edges in medical images [4, 5].

The omnipresence of multiplicative noise in coherent
imaging modalities has lead to development of various types
of filters and denoising algorithms. These algorithms are
based on principles like Bayesian estimation [6], median and
moving average (MAV) [4, 7-9], homomorphic [7, 10],
diffusion [11-13], Non-Local means (NLM) [14, 15], and
wavelets [5-7, 16]. Each of these filters behave differently
with different types of images and noises offering their own
advantages and drawbacks, compelling researchers to strive
hard to overcome the disadvantages and fine tune each for its
variants.

Noise minimization is pronounced using adaptive weighted
median (AWM) filter as it adapts to imaging conditions and
the functioning of AWM filter depends on the size of the
window and the weight adjustment [4, 6, 7, 9]. The other
issue with AWM filter is usage of fixed window restricting
the enhancement phenomenon and resulting in smeared
boundaries [8]. Beta metric ($) for both median and AWM
filter decreases with increase in window size and the value of
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B is very low (<0.1) [7]. Poor noise removing capability, loss
of finer image details, selection of appropriate window size
and shape are the basic issues which need to be sorted out in
basic techniques [5-8]. The applications of basic noise
reduction techniques like median filter and AWM filters are
less researched for US images [7, 9]. Fuzzy filters incorporating
the concepts of MAV and median filters to define fuzzy
membership functions were tested for reducing various types
of additive noises [17, 18] but were not tested for multiplicative
noise reduction.

Most of multiscale based denoising methods apply a
logarithmic transform to translate signal-dependent speckle
to additive white noise. These methods result in better
additive noise removal and lesser detail loss [5-7]. The
choice of appropriate wavelet is the deciding factor for its
denoising performance else they introduce artifacts thereby
reducing the image quality considerably [6, 7]. In Generalized
likelihood ratio filtering method (GLM) using wavelets a
single parameter is being utilized for balancing edge
preservation in comparison to the amount of noise suppression
[16]. The edge balancing parameter is so incorporated as to
compensate for the errors induced in the process of estimating
the noise standard deviation. In GLM the visual quality of
the image is substantially improved in comparison to that
using diffusion based methods which give importance to
enhancement of edges [16].

Diffusion based methods are known for noise suppression,
edge preservation and no induction of artifacts [3, 6, 11] but
capability comes under questioning when noise contamination
is higher [6]. In order to get rid of limitations of anisotropic
diffusion, Yu and Acton [11] proposed speckle reducing

edge discriminator is replaced with a discriminator better
suited to speckle [3]. In NLM based denoising, Euclidean
distance is computed between the patches and generalization
of distance was proposed using iterative probabilistic patches
based (PPB) method based on ‘Weighted Maximum Likelihood
Estimation (WMLE)’ [15]. Speaking about the current trends
in ultrasound despeckling, Mateo and Fernandez have said
that fine tuning and perfecting of basic techniques and their
variants is order of contemporary research. The sequential or
parallel combinations of the existing techniques may be
employed for fine tuning of basic noise reduction techniques

[7]-

MATERIALS AND METHODS

Based on the background described above, a novel speckle
reduction technique based on the sequential combination of
homomorphic fuzzy (HF) filter with anisotropic diffusion
(AD) is being proposed, tested and analyzed for transthoracic
echocardiographic (TTE) images. The proposed sequential
mechanism is known as hybrid homomorphic fuzzy (HHF)
filter. Further the performance of proposed HHF filter is being
compared with seventeen state-of-art denoising techniques
comprising of ten methods experimented in homomorphic
domain and seven as non-homomorphic methods. The details
of these methods are tabulated in Table 1 for quick reference.

Modeling employed for denoising
The multiplicative speckle noise is modeled as

anisotropic diffusion (SRAD) technique where gradient based 1, j) = g(i, Hn(i, j) )
Table 1 Denoising techniques based on different principles.
Author Method Modfeation inthe Reforence paper Number

Bao & Zhang Products threshold Wavelet CNR,MSE [20] LOGMPT
Luisier, Blu & Unser Interscale OWT Wavelet PSNR [21] LOGOWT
Dengwen & Wengang NeighShrinkSURE Wavelet PSNR [22] LOGNSS
Qiao, Song, and Zhao M-band ridgelet Ridgelet {\J/?e%h:: g+ PSNR [25] LOGMBR
Xu, Yang and Wu Ripplet NLA Ripplet Exponential PSNR [27] LOGRNLA
Frost, V. S, et al. Adaptive Wiener Adaptive MSE [19] LWIF
Kwan and Cai ATMED, TMAV Fuzzy MSE [18] HFF
Perona & Malik PMAD Diffusion SNR [24] LOGPMA
Weickert CEAD Diffusion SNR [26] CEDA

Yu & Acton SRAD Diffusion FOM [11] SRAD
Fernandez, Lopez DPAD Diffusion SSIM [12] DPAD
Pizurica & Philips GLM Wavelet SNR [16] GLM
Coupe, et al. NLM NLM SNR [14] NLM
Deledalle, Denis & Tupin ~ PPB NLM SNR [15] PPB
Goldstein & Osher ATV Total Variation - [23] ATV

IOWT: Interscale orthonormal wavelet thresholding; DPAD: Detail preserving anisotropic diffusion;
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Where g(i, j) is noise free image, f{i, j) is the acquired
image and n(i, j) is the multiplicative noise, i and j are the
variables indicating the spatial locations [7, 10]. The process
of converting multiplicative noise to approximated additive
noise is performed by taking the logarithm of the input
image [7]

log[f(i, )] = log[g(#, )n(i, j)] = log{g(i, /)} +login(i, )}
()

The above Eq. (2) is rewritten with f;; = log[f(i, /)], g
= log{g(i,/)} and n; =log{n(i, )} as

fii = &yt ny &)

This provision using Eq. (3) makes way for application of
methods developed for additive white Gaussian noise, to be
tested and analyzed on images under the curse of
multiplicative noise. In these methods the input is a
logarithmic transformed, f{(i, j) = log(f(i, j)) and output is
being obtained by taking the exponential of denoised image,

(i, j) = exp(MX(log(f(i, /)))) “4)
Where MX stands for denoising methods

Denoising in homomorphic domain

The methods experimented in homomorphic domain were
originally designed for additive noise reduction but in this
paper they are being experimented for multiplicative noise
reduction. Median filter [7], adaptive wiener filter [19], three
Fuzzy filter [18], wavelet thresholding techniques [20-22],
Ripplet transforms based on non-linear approximation [23],
Perona and Malik Anisotropic Diffusion (PMAD), [24], and
M-band ridgelet [25] with neighborhood coefficient
(NeighCoeff.) thresholding are also being experimented in
homomorphic domain for TTE images.

Non-homomorphic denoising methods

Non-homomorphic methods considered for experimentations
are NLM [14] and its extension based on PPB filtering [15],
diffusion based methods [11, 12, 26], versatile wavelet based
denoising based on GLM [16] and anisotropic total variation
(ATV) [23]. The limitations of anisotropic diffusion are
addressed by SRAD. Diffusion function is controlled by
instantaneous coefficient of variation (ICOV) used for edge
discrimination [3, 11] and it is defined as given in Eq. (5):

ofti,j; 1) _

2L = V. {e(q)- VL i 0} 5 A3 0) =1, )

)

and ICOV is defined by the Eq. (6) [3, 11] given below:

@ Springer
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[1 +(0.25)](V—;Z)2

Where V> is the Laplacian operator and the diffusion
function used is of the form defined in Eq. (7) [3, 11]

2. . 2 -1
261 (l.,J, t)_%z(t) J )
q (i, ], H(1+qu(1))

Where g, is the ‘speckle scale function’.

The parameters and their values considered in both
homomorphic and non-homomorphic techniques are application
specific as proposed by the individual authors. In the present
paper, all methods are analyzed for images acquired in
parasternal and apical views.

clq(i, j; D), qo(0)] = [1 +

Fuzzy filters

Non-linear fuzzy based filtering techniques work based on
different membership functions. Fuzzy membership speaks
about the degree of similarity and belongingness of an
element to a fuzzy set. Three Fuzzy filters based on
membership functions incorporating the concepts of median
and MAV filters are being tested and analyzed in
homomorphic domain and are represented as HF filters.
Weighted median filter (WMF) effectively suppresses the
speckle noise but the edges are not well preserved [17, 18],
however Fuzzy filters preserve image sharpness and the
edges when used for denoising of additive noise. Fuzzy filter
based on triangular function with median value (TMED),
asymmetrical TMED (ATMED) and MAV value with
triangular function (TMAV) are formulated in Egs. (8-9, 10
and 11 and 12), respectively, as described in [17, 18]

!"[_I‘(J’ +r, i+ .s-)]:

1G5 feg )
S (7

L Sor| f(+r, 4 8) = [ (G D| S S ()

1, Jorf,. =0
(®)
S s J) = maX[ [0 G )= Lrea G s Friea (s 1) = Frin (G )]
©)

F[fGi+r,j+s)]=
V= Sea G D)= S 7, JH O S (s ) = Froin s s
Jor fiw(@G ) fl+r, j+5) < £ ))
V=[fG+r, J+5) = Frnea G DV [ oga G 1) = Frea (5 D)5
for £, )< fli+r, j+5)< fin G )
L Jor foea (s 0) = Fain (s J) = 00r £ (6 ) = frea (i 7) =0
(10)
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]—|f(f+f‘.. f +S)_Jf;um'(j’j}| "{.!{;m'(i‘ j)‘
FLfG+r,j+9)]= S for[fG+7,j+5)= frn (i D| S S (i J)
]$ .ﬁ”‘ .f;m' =0

(1D

f;m- U’;") = max [.f;nzlx ['IAa }l) - .f;mn-{j'! ;}1 .f;nm-{j'! ;} - .f;11in [;”,r)]
(12)

Where maximum, minimum, median value and moving
average value are respectively represented by f,..(i,7),
fmin(iaj)n fmed(i’j) and fmav(iaj) with S, FEA: the
window at indices (i, j). The output of the fuzzy filter is
given by Eq. (13) [17, 18]

> Flfli+r, j+s)fi+r,j+s)
:(r,s)eA
) Y Flfli+r,j+s)]

(r,s)ed

(13)

(i, j

Where F[f(i, j)] is general window function and A is the
window area. The range of » and s are defined as -R < r <
R and -S < 5 < S with N=2R+1=25+1, N*N being the
window dimensions.

Proposed hybrid Fuzzy filter

Fuzzy filter in the homomorphic domain are being fine tuned
by sequentially combining them with SRAD, embedding
advantages of both the filters. The proposed hybrid
homomorphic fuzzy filtering technique along with all
homomorphic and non-homomorphic methods is depicted in
Fig. 1, highlighting basic steps involved in the implementation.
Each input TTE image is transformed into the logarithmic
space according to Eq. (2) and MAV values are calculated
using TMAV defined by Egs. (11-12). The output of the
fuzzy filter is estimated using Eq. (13) and exponential
operation is performed to bring back the image to non-
logarithmic domain using Eq. (4). The output of homomorphic

fuzzy filter with TMAV is taken as input to anisotropic
diffusion filter resulting in fine tuned denoised image. The
steps performed in the proposed method are shown in Fig. 1.

Database

The TTE images are acquired using Philips 133 machine
with S5 probe at echo laboratory, Postgraduate Institute of
Medical Education and Research (PGIMER), Chandigarh.
The study on analysis of echocardiographic images is being
approved by Institute Ethic Committee (IEC), PGIMER. In
the present experimentation only B-mode images acquired in
parasternal long axis (PLAX), parasternal short axis (PSAX),
apical four chamber (A4C), apical five chamber (AS5C), and
apical two chamber (A2C) are being tested. Twenty images
were selected in each view during systole and diastole
respectively.

RESULTS AND DISCUSSION

The denoising performance of proposed HHF filter along
with homomorphic and non homomorphic methods are
carried out by evaluating traditional parameters, viz., peak
signal to noise ratio (PSNR), mean square error (MSE),
correlation coefficient (p), and signal to noise ratio (SNR)
using original images f; and denoised images g; [3, 6, 7].
These parameters speak about the amount of noise reduced
in the processed. The edge preservation and distortion of
processed images is measured using Prat’s Figure of merit
(FOM), B, and structural similarity (SSIM) indices [3, 7, 13].
These parameters are expressed as follows:

PSNR = 20 x log(255/./MSE(f;;, g;/)) (14)
MSE = W\IZ?ZI Z]]\i](f(la])_g(l,]))z (15)
SNR = 10 x log(var(]‘i/)/MSE(/’ii, gl,j)) (16)

[ Homomorphic Denoising Techniques ]
Adaptive Wiener, Estimation and
TTE Logarithmic Median, Average, Exponential Comparison of
~ M= Wavelet, Ripplet, . | 7 Perf
IMAGES | » ~ipplet, 7 Performance
o Transformation M-band Ridgelet & Operation Parameters
A5C PMAD Filters with visual
A4C [ Non-homomorphic Denocising Techniques ] quality
A2C assessment
PLAX -—»[ CEAD,SRAD,DPAD,NLM,ATV and wavelet Denoising ‘--
PSAX
views [ Proposed HYBRID FUZZY FILTER | T
-h: Logarithmic ~ Fuzzy TMAV/ Exponential Anisotropic |
|| Transformation TMED/ATMED Operation Diffusion :

____________________________________________________

Fig. 1. Homomorphic and Non-homomorphic despeckling techniques.
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FOM = —1 g - (17)
max (g, 1)1 + el
M N
238,
p=—= (18)
M N 2 M N )
2> >
i=1j=1 i=1j=1
D(Ag—Ag, Af—A
ﬂ: — ( g _g f f)_ — (19)
JD(Ag—Ag, Ag—Ag).D(Af-Af, Af-Af)
SSIM — (2ﬂlu2+cl)(2012+c2) (20)

1
kY 2 2 2. 2
M (o1t oy +C) (g + i +Ch)

Where v is the scalar multiplier being utilized as penalization
factor with typical value 1/9, ny and n, are the number of
pixels in original and processed images respectively, d; is the
Euclidean distance, Ag and Af represent the filtered version
of original and processed images, estimated using Laplacian
estimation with a 3x3 pixel approximation, 1,6, and i,
are the standard deviations and means of TTE images
compared, o, represents the covariance, C;,C, < 1 are the
constants.

The performance of HF filter based on TMED, ATMED
and TMAV are first tested and analyzed on standard test
images of size of 512 x 512 each. Speckle noise is added to
the standard test images using MATLAB inbuilt function
imnoise with noise variance 0.01-0.3. All experimentations
are being performed using MATLAB R2008a. Results
obtained for two standard test images in-terms of PSNR,
SSIM and FOM are tabulated in Table 2. The results show
that the performance of homomorphic fuzzy filter based on
ATMED is superior to that of other techniques in terms of
traditional denoising performance metrics (PSNR, MSE and

SNR).

It is also observed that SSIM and FOM for HF filter based
on TMAV are superior in comparison to HF filter based on
TMED and ATMED concepts. The higher values of SSIM
and FOM indicate lesser distortion and higher edge
preservation in the denoised images using HF filter with
TMAV. Hence, HF filter with TMAYV is considered in further
experimentations and is refined using anisotropic diffusion in
a sequential fashion. Similar experiments are carried on TTE
images but no noise is added to echocardiographic images
and it is observed that the results are similar to those quoted
above for standard test images.

Results obtained using proposed HHF filter are being
compared with HF filter using TMAV and SRAD filter in
terms of quantitative parameters in Fig. 2 and visual quality
comparisons in Fig. 3. Traditional performance parameters
(PSNR, MSE, SNR and p) for hybrid homomorphic fuzzy
filter are superior in comparison to homomorphic fuzzy filter
and SRAD filter. The average of PSNR for HHF filter is
higher by 3.7 dB compared to SRAD filter and 9.3 dB for
HF filter. MSE is 8 times lesser for HHF filter compared to
HF filter and 3.6 times lesser compared to anisotropic
diffusion filter. The correlation coefficient value is on an
average 0.04 and 0.01 higher compared to HF filter and
SRAD respectively. SNR is higher by 1.7 times and 2.5
times respectively compared to that of SRAD and HF filter.

Observing the [ value in Fig. 2 reveals that 3<0.2 for HF
filter and 3>0.92 for HHF filter which reveals that 3 value is
increased by 9 times using proposed HHF filter in comparison
to HF filter and it is 1.14 times higher compared to SRAD
filter.

Visual quality assessments are performed using Fig. 3 and
it is observed that the overall structure of the images are well
preserved using proposed HHF filter. All the seven parameters
(B, FOM, SSIM, p, PSNR, MSE and SNR) are superior
using proposed HHF filter technique in comparison to both
HF filter with TMAV and SRAD filter. Further denoising

Table 2. Performance parameters comparison for standard test images.

Homomorphic Fuzzy Filtering Methods based on ATMED,TMED and TMAV

Image OIS PSNR(dB) SSIM FOM
variance

ATMED TMED _ TMAV _ATMED TMED  TMAV _ ATMED TMED  TMAV

Tena 0.01 3066 2728 2998 08756 08657 09217 07349 07252 09102
005 2528 2325 2625 06787 06928 07947 04199 04166  0.5338

0.1 2251 1930 2234 05685 05666  0.6856 03685 03573  0.4082

02 1919 1436 1700 04488 03915 05048 03295 03133 03448

Monarch 0.1 2779 2063 2355 08499 06737 08163 09424 09014 09166
005 2615 2380 2701 07747 0788  0.8640 04747 05103  0.6586

0.1 2309 1970 2275 06800 06758 07757 04070 03848  0.4908

02 1964 1472 1739 05612 04927  0.6094 03322 03061  0.3566

03 1727 1126 1339 04785 02977 04139 03110 02683 02938
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Fig. 2. Performance parameter comparison for TTE images acquired in PLAX using HF, SRAD and proposed filter.

Table 3. Comparison of performance using 3 and FOM.

Method B Method FOM

number PLX PSX A2C A4C A5C number PLX PSX A2C A4C A5C
LOGOWT 04363 0.5158 04964 0.3945 04114 ATV 0.8338 0.8382 0.7736 0.8648  0.8311
LOGAVG 04482 04726 04617 04449 04564 LOGMPT 0.9025 09376 09130 0.9369 0.9276
LOGPMA 0.5609 0.5589 0.5581 0.5561 0.5516 HFF 09142 09145 0.8828 0.8753 0.9312
SRAD 0.8349 0.8156 0.8170 0.8298  0.8299 GLMF 09170 09179 0.9316 0.9487 0.8934
LOGMPT 0.8669 0.8856 0.8734 0.8717 0.8726 LOGOWT 09268 0.9314 0.9435 09155 0.9534
LOGRNLA 0.9065 0.8881 0.8881 0.8775 0.9081 LOGAVG 09316 09311 0.9059 09411 0.9241
LWIF 0.9240 0.9254 0.9203 0.9242 009174 NLM 0.9493  0.9450 0.9403 09781 0.9576
LOGNSS 09302 0.9426 09377 0.9396 0.9364 PPB 0.9520 0.9696 0.9577 0.9529 0.9583
NLM 09385 0.9390 0.9334 0.9378 0.9400 LOGMED 09539 0.9444 0.9351 0.9639 0.9382
ATV 09433  0.9509 0.9441 09457 0.9416 LWIF 0.9559 0.9547 09249 0.9584 0.9445
PPB 09522  0.9524 0.9490 0.9500 0.9477 LOGNSS 09610 09753 0.9690 09757 0.9728
GLM 0.9669 0.9739 0.9678 0.9707 0.9662 LOGRNLA 09614 09741 0.9741 09580 0.9764
Proposed 0.9754 0.9758 0.9750 0.9766 0.9742 Proposed 0.9768 0.9800 0.9634 0.9795 0.9679
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quality of HHF filter is being compared with seventeen
despeckling methods and visual results are depicted in Fig. 4.
The quantitative parameters are tabulated in Tables 3 and 4.

o
o
@©

£

©
£

2
=

o]

SRAD Filter Fuzzy Filter

Proposed Filter

PSAX(D)

PSAX(S)

The visual quality of TTE images in PSAX on application

PLAX(D)

PLAX(S)

ASC(S)

Fig. 3. Visual quality comparison for TTE image denoising using fuzzy, SRAD and proposed filter.

Table 4. Comparison of performance using PSNR and MSE.

of homomorphic and non-homomorphic methods are being
compared with HHF filter in Fig. 4. The contrast of images

Method PSNR(dB) Method MSE

number PLX PSX A2C A4C A5C number PLX PSX A2C A4C A5C
DPAD 13.54 15.02 14.15 15.39 14.09 LOGMBR 278.34 31041 308.76 28290 303.52
LOGMBR 23.69 23.21 23.23 23.61 23.31 HFF 22273  207.63 223.51 22837 209.66
HFF 24.65 24.96 24.64 24.54 24.92 LOGOWT 20444 131.85 17273 263.25 260.71
LOGOWT 25.03 26.93 25.76 23.93 23.97 LOGAVG 140.56  150.58 156.87 141.28 148.11
LOGMED 28.75 28.50 28.28 28.66 28.59 LOGMED 86.66 91.89 96.71 88.52 90.04
SRAD 30.96 30.34 30.41 30.54 31.12 SRAD 52.18 60.15 59.16 57.46 50.26
LOGMBR 32.62 33.66 3291 3345 33.05 LOGMPT 35.59 27.99 33.25 29.39 32.18
LWIF 34.63 34.20 33.89 34.62 33.94 LWIF 2241 24.74 26.55 2243 26.26
ATV 34.83 3549 34.54 35.37 3447 ATV 21.37 18.35 22.84 18.89 23.22
LOGRNLA 35.86 35.67 35.67 34.51 36.85 LOGRNLA 16.88 17.63 17.63 23.01 13.42
LOGNSS 36.18 37.57 36.78 37.48 37.07 LOGNSS 15.68 11.37 13.65 11.62 12.76
NLM 36.78 36.72 36.12 36.80 36.65 NLM 13.66 13.85 15.90 13.57 14.07
PPB 37.78 38.10 37.50 38.12 37.40 PPB 10.83 10.08 11.57 10.02 11.82
GLM 38.85 39.85 38.59 39.55 38.63 GLM 8.48 6.74 8.99 7.21 8.92
Proposed 40.42 40.40 40.34 40.62 40.20 Proposed 5.90 5.93 6.01 5.64 6.20
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LOG MPT

LOG OWT

LOG NSS

LOG MBR

LOG RNLA

HF(TMED)

HF(ATMED)

LOGPMA

HHF(10 iterations) || HHF(50 iterations)

Fig. 4 Visual quality of TTE images after application of homomorphic and non-homomorphic techniques compared to proposed HHF

filter.

Table 5. Comparison of performance using and SNR.

Method p Method SNR(dB)

number PLX PSX A2C A4C A5C number PLX PSX A2C  A4C  A5C
HFF 09518 0.9669 0.9621 0.9584 0.9500  HFF 20.16 2351 2229 2151 1991
LOGAVG 09778 0.9679 09718 09672 09739  LOGMBR 2097 1728 1889 1736  19.17
LOGMED  0.9860 0.9797 0.9822 0.9787  0.9837 LOGOWT 2365 2472 2394 1798  20.49
SRAD 0.9887 0.9904 0.9900 0.9896 0.9881 LOGAVG 2690 23.56 2478 2339 2541
LOGMPT 0.9944  0.9941 0.9941 0.9932 0.9944  LOGMED 31.10 2785 2898 2745 29.73
ATV 0.9967 0.9962 0.9960 0.9957 0.9960  SRAD 3277 3427 3383 3350 3231
LWIF 0.9967 0.9953 0.9956 0.9953  0.9958 LOGMPT 3883 38.18 3825 37.03 38.67
LOGRNLA  0.9973 0.9961 0.9961  0.9958  0.9968 LWIF 4285 3925 4021 3937 4043
LOGNSS 0.9975 0.9975 0.9975 0.9972 09977 ATV 4326  41.85 4151 4087  41.50
NLM 0.9978  0.9970 0.9971 0.9968  0.9975 LOGRNLA 4531 4219 4219 4145 43.84
PPB 0.9983  0.9978 0.9979 0.9976 0.9979  LOGNSS 4595 4600 4598  45.09  46.70
GLM 0.9986 0.9985 0.9984 0.9983 09984  NLM 4715 4429 4466 4374 4585
Proposed 0.9994  0.9995 0.9995 0.9995 0.9994  PPB 49.16  47.05 4742 4638 4736
CEAD 1.0000 1.0000 1.0000 1.0000 1.0000 GLM 5129 5055  49.61 4923  49.81
DPAD 1.0000 1.0000 1.0000 1.0000 1.0000  Proposed 58.86 5939 5937 5941  58.59
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is reduced using LOGRNLA and LOGPMA and over
smoothing is observed using LOGMPT, LOGPMA and
LOGMBR. Analysis of results in Table 4 shows that PSNR
of the non-homomorphic methods is higher compared to
homomorphic methods except in the case of DPAD based
filtering. It is higher by more than 1.5 times for proposed
HHF filter compared to HF filter, LOGMED, LOGMBR,
LOGOWT filters and 1.1 times higher compared to NLM,
LOGNSS, LOGRNLA and SRAD based denoising.

It should be noted that PSNR of DPAD method is the
lowest among the methods compared and it is 2.8 times
lesser compared to HHF filter. All the methods are arranged
in increasing PSNR values in Table 4 and it is observed that
PSNR for HHF filter is the highest of all other techniques.
The MSE values are arranged in decreasing order in Table 4,
and it observed that HHF filter has the lowest MSE compared
to all other methods. MSE for HF filter and LOGOWT filter
are nearly 40 times higher compared to HHF filter.

Observation drawn from Table 5 show that the value of p
for the proposed HHF filter is higher by 0.01 compared to
LOGMED, LOGAVG, LOGMPT, and SRAD filter and 0.04
higher compared to HF filter. The FOM and [ are tabulated
in Table 3 in increasing order and it is noticed that the highest
values of both parameters are achieved using proposed HHF
filter technique. Results obtained show that the B value is
being doubled using HHF filter in comparison to LOGOWT
and LOGAVG 1t is also seen that  is higher by 0.1 in
comparison to SRAD and LOGMPT and on-par or fractionally
superior compared to GLM and PPB based denoising. FOM
for HHF filter is fractionally superior or on par in comparison
to LOGRNLA, LOGNSS, and LWIF based denoising. The
value of FOM is higher compared to all other methods. It is
higher by 0.14 compared to ATV, 0.07 compared to LOGMPT,
and 0.06 compared to HF filter and GLM filters.

CONCLUSIONS

Three HF filters based on concepts median and moving
average filters are tested on TTE images. The results
obtained for HF filter based on TMAV are superior in terms
of edge preservation and this filter is integrated with
anisotropic diffusion sequentially. Denoising performance of
the proposed hybrid homomorphic Fuzzy filter is superior in
terms of all seven different performance parameters compared
to HF filter and SRAD filter for images acquired in two
parasternal and three apical views. Edge preservation of HF
filter is increased by many fold (around 8 times) using HHF
filter. Further the performance is compared with ten methods
tested in homomorphic domain and seven in non-homomorphic
domain. The seven quantitative performance parameters are
on-par or superior for proposed HHF filter with edges and

@ Springer

structures well preserved in comparison to all seventeen
techniques tabulated.

HUMAN RIGHTS STATEMENTS AND INFORMED
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All procedure followed were in accordance with the ethical
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Declaration of 1975, as revised in 2000(5). Informed consent
was obtained from all patients for being included in the
study.
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